Unsteady Gutter Flow Into Grate Inlets (HES 36) by Akan, Ali Osman & Yen, Ben Chie
NEEWING STUDIES 
WWWUQICENGINEERING SERIES NO. 36 
STEADY GU FLOW 
J,je-kz itcl~t.\>il@Rf).enT ,-S----- e 
University o f  Sl1ir :oiS 

B106 NCEL 

208 N .  Romine Street 

Urbana, illlin,ois 61801 
b r  
A.OSMAN AKAN and BEN CHlE YEN 
DEPARTMENT OF CIVIL ENGINEERING 

UNIVERSIV OF ILLINOIS AT UWANA-CHAMPAIGN 

UBANA, IlblNOlS 

AUGUST, 1980 

C i v i  1 Eng ineer ing  S tud ies  
Hydraul ic Eng ineer i  ng S e r i  es No. 36 
UNSTEADY GUTTER FLOW INTO GRATE INLETS 
A. Osman Akan and Ben Chie Yen 
DEPARTMENT OF CIVIL ENGINEERING 

UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN 

URBANA, ILLINOIS 

AUGUST, 1980 

ABSTRACT 
Runoff from gut ters  into  i n l e t s  i s  usually an unsteady flow phenomenon 
and i s  investigated theoretical  ly  i n  t h i s  study . The Saint-Venant equations 
describing unsteady gut ter  flows are  solved numerically by using the method 
o f  charac te r i s t ics .  The discharge into  the grate  i n l e t  i s  then determined 
approximately with the aid of previous experimental r e su l t s .  Dimensional 
analysis i s  performed to  ident i fy  the nondimensional inf luent ia l  parameters 
and t o  guide the ranges of dimensionless variables analyzed. Design curves are  
proposed f o r  a given type of gu t te r  and grate i n l e t  t o  determine the runoff 
i i i  
FOREWARD 
This report i s  based mainly on the thesis of the same t i t l e  submitted 
by A .  0. Akan i n  June 1973 t o  the Department of Civil Engineering of the 
University of 11l inois a t  Urbana-Champaign in parti a1 f u l f i l  lment of the 
requirements for  the degree of Master of Science. Since only a few copies of 
the thesis were printed and the authors have received a number of inquiries 
concerning research on gutter flow i n  recent years, i t  appears desirable t o  
modify and publish this  research resul t  for  public uses. Analysis of gutter 
flow from pavement under ra infa l l ,  which was not included in Dr. Akan's 
thesis,  i s  included in this  report. Therefore, Sections 2 . 2  and 2 . 4  and  
the l a s t  chapter are modified substantially from Akan's thesis and Chapter 5 
i s  added. Al l  the numerical analyses presented in th is  report were performed 
in 1972-1 973. More eff icient  numeri cal sol uti on methods have been devel oped 
since then. These more eff icient  methods have been reported elsewhere and they 
do n o t  a l t e r  the conclusions of the gutter flow analyses. Therefore, these 
improved numerical techniques are not discussed in th is  report. 
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1, INTRODUCTION 
Surface drainage problem can be resolved best with an accurate 
knowledge of the re la t ive  merits of each drainage device and the conditions 
under which i t  operates. An overdesign o f  a storm drainage system would be 
undesirable from the viewpoint of economy, while an underdesign of the system 
would r e su l t  in functional f a i l u r e  and consequent damages. 
Surface drainage of s t r e e t s  and roads can be best accomplished 
economically yet  adequately through a judicious use of gut ters  and in le t s .  
Adjacent t o  pavement, gut ters  control excessive ponding of precipitation r u n -
off .  They receive water from pavements as we1 1 as d i rec t ly  from rainfal l  o r  
other sources and deliver i t  to  be intercepted and disposed by use of a sub- 
surface sewer or surface channel system. Curb i n l e t s ,  grate i n l e t s  or a com- 
bination of both are  the most widely used devices t o  intercept the gutter 
flow. Although each group includes many v a r i e t i e s ,  a curb i n l e t ,  in general, 
may be defined as a vertical  -opening in the curb through which the water i s  
removed from the gut ter .  The major disadvantage of curb i n l e t s  i s  being in- 
e f f i c i en t  flow interceptors.  A grate  i n l e t  i s  an opening in the gutter through 
which the water f a l l s .  From a hydraulic standpoint, they are be t te r  inter-  
ceptors than curb i n l e t s ,  because they a re  placed across the path of the flow- 
ing water. However, t he i r  eff ic iency as interceptors i s  reduced through in-  
l e t  grat ing,  which i s  needed t o  remove the foreign material l  i  ke debris,  t r a sh ,  
gravel and stones from the storm water tha t  may cause trouble in the subsur- 
face system. Structural s t a b i l i t y ,  safety considerations and  other l imitations 
such as those imposed by vehicle wheels should a lso be considered in the design 
of these devices. 
Many researchers examine the hydraulic behavior of g ra te  in le t s  
experimentally and present their  resul ts  with a series of curves relating 
the flow intercepted by a given type of in le t  t o  the total  discharge passing 
i t .  Larson and Straub [I9491 investigated the flow capacity and sel f-cleansing 
ab i l i t i e s  of some typical grate in le t s ,  and subsequently they developed an im-
proved grate in le t .  Gui l lou [I  9591 determined the interception characteristics 
of four l l i i n o i s  Division of Highways standard l l , ! r L  y l a t f ~and frames by2 - 7 - &  
using a ful l scale laboratory model. He also applied his results to typical 
design problems. In a report by a team of the Storm Drainage Research Pro- 
jec t  in the Department o f  Sanitary Engineering and  Water Resources of the 
Johns Hopkins university, experimental results on various types of curb, 
grate and combined in le ts  were discussed and rating curves for several types 
of in le ts  used in Baltimore were presented with certain design recommendations 
[1956]. Wintz and Kuo [I9701 studied the capacities of four standard inlets  
present1y used by the Louisiana Department of Highways for different combi na- 
tions of,longitudinal and cross slopes and gave the curves relating the frac- 
tion of flow intercepted by the "inlet to  the total gutter flow. McNown and 
Tai [I  9721 conducted 1:3 scale model t e s t s  of the in1 e t  system used by Kansas 
State Highway Commission. They observed the performance for various in le t  
configurations, discharges and slopes and studied the distribution o f  flow 
in the channel and the effectiveness of grate inlets  and curb openings. Recentl~ 
experiments were conducted a t  the Bureau of Reclamation for  eight different type5 
of grate in le t s  (Burg i  and Gober, 1977). Three o f  these inlets  were selected 
for further t e s t s  on their  bi cycle-safe and hydraulic characteristics ( ~ u r g i  
1978a, 1978b). In a remarkable study by Cassidy [19661, a rational qualitative 
analysis o f  the variables governing the efficiency of a grate in le t  was 
verified through experimental measurements. The results were presented-in a 
generalized dimensionless graphical fashion valid fo r  any s ize  gra te .  More 
discussion will be given t o  t h i s  work in the next chapter. 
?g In a l l  the previous studies on the subject ,  the  discharge in the 
?sing gut ters  and in l e t s  are assumed to be constant, and the e f fec t  of f.low unsteadi- 
im- ness i s  not considered. However, runoff in a gut ter  i s ,  usually, in i t i a ted  by 
; t i c s  a ra infa l l  which i s  never steady. Besides, in addition t o  the peak ra te  of 
rainstorm runoff, an engineer should also be concerned with gut ter  flow de- 
11 tention and the time dis t r ibut ion of pollutants such as s a l t  added to the 
I L - . -guxcer. Z l - - .  -C .--- -.--..----lI i ~ u wI r-ulll hr~uwl~lt.I L. -rL..^ c-.-I I I U ~ ,  I u r  a real i'sti 'c eo i i s i d e r a t i o n  o f  r a i n f a 11-
runoffproblems, one should account f o r  the e f fec t  of flow unsteadiness, and 
for an e f f i c i en t  surface drainage accomplishment, i t  is necessary to  deter- 
!S mine the complete flow hydrograph in to  the i n l e t  ra ther  than only the peak 
ons 
flow ra t e .  
ib 
The purpose of t h i s  study i s  to  show theoret ical ly  t ha t  the in- 
;S 
tercepted flow hydrograph for  a g ra te  i n l e t  depends on the d i f fe ren t  gut ter  
la- flow condi t i  ons by solving the unsteady gut ter  flow equations numerically 
C-
using the method of charac te r i s t ics .  
as 
cently 
types 
ed 
i 
t i  ve 
!l 
2. HYDRAULIC CONSIDERATIONS 

2.1 Gutter Flow Equations 
Runoff in a s t r e e t  gu t t e r ,  in general, i s  a form of spa t ia l ly -  
varied, unsteady, open-channel flow. Exact equations describing the problem 
were given by Yen [1971, 19731. However, a1 though such equations provide a 
thorough understanding of the physical features of the phenomena, they are 
d i f f i c u l t  t o  solve. Therefore, in the present study, simplified equations 
of motion of one-dimensional flow in  a prismatic open channel with la te ra l  
flow are  adopted [Strel koff, 1969; Yen, 19731 
.in which. 
A = cross sectional '*area of flow 
x = distance along the gut ter  
y = average depth of flow measured normal t o  x 
t 
V = average velocity of flow, considered posit ive when flow 
occurs in the nominally downstream direct ion 
Q = discharge through a cross section,  signed in conformity 
with V 
= q 	 l a te ra l  flow ( q  > 0 f o r  i n f l ow ) . p~ r un i t  length of the 
gut ter  
P 
a 
s= 
0 
.I--
c, 
U 
a, 
V) 
V) 
V) 
0 
L 
U 
a, 
-6 
C, 
L .  
a, 
v 
0 
a 
a, 
C, 
S 
la-
.P 
L 
6, 
,v, 
P 
w 
.m 
QI 
pl 
a 
.r-
CR 
o r -
I---
* 0 
- cru 
c: 
U9 
*a-
= 
C) 
O r -+.' 
CJ 
ar 
5-3 
O r -
TJ 
-

Ti-
-
e 
cu 
. 

a, 

'I-
LL 
2 . 2  Dimensional Analysis 
The flow i n  a gutter depends on the geometric characteristics of the 
gutter and pavement, the physical characteristics of the inflow, properties 
o f  the f l u i d ,  and the downstream flow condition i f  the f l a w  i s  subc r i t i c a l .  
The mathematical expressions describing the flow have been presented i n  the 
preceding section. However, a qual i tat ive discussion of the flow pattern and 
a dimensional analysis of the factors involved will give some physical insight 
to  the problem and will be helpful in presenting the resul ts .  
There are many different types of gutters and s t r ee t  pavement crown 
shapes. A popular type i s  the triangular gutter w i t h  s t raight  pavement of 
constant cross slope as shown in F i g .  Id. The geometric characteristics o f  the 
gutter consists of i t s  longitudinal slope So which i s  usually equal t o  the 
s t r ee t  slope, i t s  length L , a measure of the roughness of the gutter surface, g 
k, and the gutter cross-sectional parameters which consist  o f  the gutter 
w i d t h  B and a representative dimensionless cross sectional shape parameter, 
The pavement characteristics include i t s  length a1 ong the transverse 
direction o f  the s t r ee t ,  W a dimensionless parameters represen t i  ng the
P' = n ~ 3 
geometric profi le  along i t s  length, and t h e  pavement surface roughness, k . 
P 
For a constant cross slope o f  the pavement (or sometimes called crown slope) 
as shown i n  F i g - I d  the pavement profi le  parameter ~ can be expressed i nP 

terms of the angle made between the pavement and the horizontal, $P 
The inflow consists of rainfal l  and the carry-over inflow, i f  any, 
a t  the upstream end of the gut ter .  The  rain which f a l l s  on the pavement as well 
as direct ly over the g u t t e r  ha: an average i n t e n s i t y  i over i t s  duration t . .  
7 
For the area on a s t r ee t  contributing to an inlet, the areal variation of i i s  
usually small and hence assumed uniform. This assumption i s  made merely f o r  
the sake of simplicity i n  presenting the resul ts  and can eas i ly  be removed. 
t h e  The temporal dis t r ibut ion of the ra infa l l  i s  represented by a nondimensional 
!S parameter I t '  For simplicity,  i considered here i s  assumed t o  be the rain- 
f a l l  excess, i . e . ,  ra infa l l  minus in f i l t r a t i on  and other losses.  This again 
h can ea s i ly  be modified and improved by including i n f i l t r a t i on  and other 
.nd abstractions . 
g h t  The gut ter  upstream carry-over inflow may be the spil l-over from the 
previous i n l e t ,  the flow from s t r e e t  washing or hydrant, the water from melted 
)wn snow, o r ,  simply the flow from the upstream portion of the en t i r e  gut ter  which 
has been analyzed separately. The inflow through the upstream cross section of 
' the the gu t te r  can be described by the peak discharge QPu and duration tu of the 
inflow hydrograph together w i t h  nondimensional parameters J t  representing the  
ice, time dis t r ibut ion of the inflow ( i .e.,  the shape of the inflow hydrograph), 
and J p ,  J d ,  and Jv  fo r  the pressure, depth, and velocity dis t r ibut ions  of the  
-
, 
3 
I . . . L
~ r tI tuw u v e r  L r i r  , ,  ,u p d l  W I I ~  H+",THrn,-. ~ I ~ L Ia t l L c  m\n*'-.,.. L I  P * m + ; m m  3 G L b I U l l  o f  the gut te r .  I f  t he  l eng th  
of the gu t t e r ,  , i s  suf f ic ien t ly  long, the influences of the nonuniform 
Lg 
;he velocity,  depth, and pressure dis t r ibut ions  a t  the entrance section on the flow 
diminish downstream along the gu t te r .  I n  other words, as f a r  as the flow 
1 through the ex is t  section of the gu t te r  i s  concerned, the flow a t  the entrance 
section behaves l ike  a source and hence the character is t ics  of the inflow hydro- 
graph i s  important b u t  the e f fec t s  due to  Jp ,  J d ,  and J v  can be neglected. 
1 9  The f luid  properties include i t s  density, p, specif ic  weight, u ,  
; we11 kinematic viscosity,  v ,  and surface tension, o .  Although surface runoffs a r e  
i " often sheet flows with small depth, the roughness of the surface texture 
i s  of the gu t te rs  and s t r e e t s  together with i n f i l t r a t i on  would make the  e f f ec t  
>r of surface tension negligible.  
Thus, the discharge Q, a t  the exit  section of the gutter can be ex-
pressed as a function of the influenctial factors as 
in which t i s  time, 6 i s  a dimensionless parameter representing the downstream 
conditions of the gut ter ,  and F represents a function. Through dimensional 
analysis by applying the Buckingham *-theorem t o  Eq. 2 . 7 ,  one obtains 
in which As = Lg ( B  + WP ) i s  t h e  horizontally projected area receiving 
rai nfall i ; Qs = (iAS + Q ) i s  the corresponding maximum steady flow discharge 
PU 
and g i s  the gravitational acceleration. 
The physical meanings of the terns in E q .  2.8 are as fo l l  ows . To the 
l e f t  o f  the equality sign i s  the relat ive gutter discharge a t  i t s  exi t  measured 
in terms o f  the  rainfall inflow r a t e  and the possible maximum total  inflow rate  
respectively. To the right of the equality sign, the f i r s t  term of the functio 
indicates the time distribution of the nondirnensi onal hydrograph. The second 
term accounts for the effect  of the s t r e e t  slope on both the gutter and pave- 
ment flows. The third term i s  the relat ive length o f  the gut ter ,  and as 
discussed previously, only when the gutter i s  relat ively long that the effects  
of the velocity, depth, and pressure distributions of the gut ter  upstream i n f  10 
can be negl ected. The fourth term represents the nondimensi onal cross sect i  ona 
! ex-
shape of the gu t te r .  For a rectangular gut ter  as shown i n  Fig. l a ,  can 
be replaced by the r a t i o  of the drop a t  the pavement s ide  to  B .  For a t r iangular  
y t t e r ,  Q consists of the . curb. angle, $,vmeasured from the ver t ical  and the 
gutter bottom transverse angle, 4 ,  made with the horizontal. The f i f t h  
7 )  and  s ix th  terms are t h e . r e l a t i v e  surface roughnesses of the gu t te r  and pave- 
,ream 
1 
ment, respectively.  The seventh term i s  simply the cross slope of the pave- 
ment usually ranging from 1/8 to  1 /2  i n .  per f t ,  i . e m ,  1 to  4 percent, or 
approximately 0.6 t o  2 . 4  degrees. The eighth term represents the re la t ive  
size of the  overland surface,  the ninth a measure of the amount of r a i n f a l l ,  
and- m"L, < the tenth the temporal d i s t r ibu t fon  of r a i n f a l l ,  and these three terms 
together i s  an indication of the r e l a t i ve  importance of the l a t e r a l  flow. The 
8 
eleventh term i s  a? indirect  measure of the volume of the upstream inflow i n t o  
the gu t t e r  r e l a t i ve  t o  the volume of the  gut ter .  The twelfth term represents 
the shape of the inflow hydrograph. The thir teenth term i s  the re la t ive  
duration of gu t te r  upstream inflow as compared to t ha t  fo r  the ra infa l l  and i s  
harge; an indication of the i r  r e l a t i ve  importance i n  determining the runoff hydrograph. 
The fourteenth term, obtained from the r a t i o  y / p ,  represents the  e f fec t  
o the of gravi ty ,  and the f i f teen th  term represents the e f f ec t  of viscosi ty ,  and 
sidred these two terms rep1 ace respectively the representative Froude and Reynolds 
r a t e ,  number of the surface runoff. The sixteenth ( l a s t )  term indicates the gu t te r  
ncti  on downstream boundary condition. 
ond Because the flow i s  unsteady and nonuniform, even for  a given 
ve- inflow, i t  may vary between turbulent and laminar and between subcr i t ical  and 
supe rc r i t i ca l ,  depending on the time and location. consequently i t  i s ' d i f f i -  
ects cu l t ,  i t  not impossible, to define a representative Froude or Reynolds number 
inflow for  the flow over the en t i r e  area and duration. Likewise, from the fluid 
t ional 
mechanics viewpoint, the relative surface roughness should be measured in terms 
of the hyd'raul ic  radius of the flow instead of B because i t  i s  the former r a t i o  
together with the Reynolds number, and t o  some degree w i t h  the Froude number, 
that  the f l ow  resistance i s  determined. Again, because the hydraulic radius 
varies from time to  time and from location $s location for  an  unsteady non-
uniform flow, a physically significant hydraulic radius cannot be found for  
use i n  the dimensional analysis. 
The downstream condition of the gutter flow depends on  the physical 
properties of the in le t .  I f  the flow i s  supercrit ical,  the flow in the gut ter  
i s  independent of the downstream condition as long as a one-dimensional analysis 
i s  applied. Contrarily, i f  the gutter flow i s  subcri t ical ,  the backwater 
effect  due t o  the downstream condit-ion would affect the flow i n  the gutter.  
There are two major types of in le t s ,  namely, the grate inlets  and the curb 
in le t s .  Many variations exist  for each type and they are  used individually 
as well as mixed and combined. Within the United States ,  none of the s ta tes  
have standardized the in le ts .  I t  i s  not possible i n  th is  study to  investigate 
a t  present the different effects of the numerous various types o f  inlets ,  n o r  
i s  i t  desirable because i t  i s  postulated that when more information become 
known about the in le ts  in the near future there will be fewer types of in le t s  
used. For rectangular grate in le t s ,  the parameter 6 can be represented by 
in which L and W are respectively the length and w id th  of the grate in le t ,  
i s  a collective nondimensional parameter representing schematical ly the in ter ior  
geometric pattern of the grate in le t ,  and ti1 i s  a nondimensional symbol 
representing the condition a t  the downstream boundary of the i n l e t  which vanishel 
when the flow i s  supercritical or completely intercepted by the in le t .  For 
a rectangular grate in le t  with parallel bars as shown in Fig. 2 ,  
1 

i n  which b3 i s  the width of the grate bars, b4 i s  the opening width between t h e  
bars, bl ,. b2 and b5 are the circumferential widths of grate frame as shown in 
Fig. 2, b6 i s  the spacing between the grate in le t  and the curb, and n b  denotes 
the cross sectional shape of the grate bars. For rectangular bars, n b  i s  
replaced by the ra t io  of b3 t o  the height of the bar, and for circular bars, 
i s  replaced by the diameter of the bar. The length of the s l o t  openning 
n b  
i s  equal to  L - b l  - b2 and the opening area ra t io  i s  [(L - b l  - b2)  
b4(W - Zb5)/  ( bg -+ b4)]/WL. Grate in le ts  having other shapes and geometric 
patterns can be similarily represented in nondimensional forms. 
Ideally, i t  i s  desirable to  have the in le t s  intercepting a l l  the 
pavement and gutter flow coming from upstream of the in le t .  I n  real i ty  because 
of the relat ively steep s t r ee t  slope, small in le t  s i ze ,  o r  other factors,  a par  
of the gut ter  flow may pass over the in le t  without being intercepted, as we1 1 
as the spill-over on the pavement adjacent t o  the in le t .  If a t  any instant 
the intercepted discharge by *the in1 e t  i s  Qi, the ra t io  Qi/ Q o  may be consi dered 
as a measure of the in le t  efficiency. The gutter flow carry-over i s  obviously 
Qo-Qi Nondimensional ly ,  the intercepted flow, Qi/iAs o r  Q./Q1 s , a r e  affected 
by the same parameters which determine Qo/iA or 9o/QS as g i ven  i n  Eq. 2.8, i. e . ,  
Grate in le t  flow discussed previously i n  this  section considers t he  
gutter and pavement as an integrated system of source of water for  the i n l e t .  
*E merit and sidewalk consti tutes the la te ra l  inflow into the gu t te r .  The g 
t h e  @ amlines of the la te ra l  flow near the pavement crown are along the direct ion & 
of the vector sum of the crown slope and s t r e e t  slope,  and are  approximately 
I"'g!?no tes  	g endicular to  the main direction of the gu t te r  flow i f  the s t r e e t  slope i s  
ki 
3 r e l a t i ~ e l ~  Due to backwater e f f ec t ,  i f  the depth of the gut ter  flow i s  small. 
small the l a t e r a l  inflow has an unsteady surface prof i le  similar to  M2 type 
i ng ' curve for  subcri t i ca l  f l ow and S2 fo r  supercri t i  cal f1 ow. When the vel oci t y  and 
$ depth of flow i n  the gut ter  are  re la t ive ly  high, the la te ra l  flow streamlines i."'B
&ic 	 ?- cted and they curve towards the downstream direction of the gu t te r ,  
and the unsteady backwater surface prof i le  i s  s imilar  t o  e i ther  Ml or S1 type. 
le R Streamlines around the grate i n l e t  a r e  highly curvi l inear  and the phenomena i s  
~ecausedgs too complex t o  be described by using a one-dimensional approach. 
@I 
a p a y t FB, 	 flow simulation to  represent the p a ~ e m e n ~ g u t t e r  Two-dimensional system 
well 
p 
is ra ther  complicated and computationally expensive. Although they are mutually 
i 
Ii 
1n-t 	 it b- related,  i n  practice the pavement flow and gut ter  flow are  treated as two 
LJ 
ii dered 	ti separated ent i  t i e s .  The pavement flow i s  f i r s t  estimated. Subsequently, i t  i s  
P 

o , J s l J ,  	1;$ considered as  a la te ra l  inflow when the gut ter  flow i s  considered. In  such a 
ii 

case the r a in fa l l  and pavement parameters, t i ,  i ,  I t ,  k p ,  + p ,  and W in Eq.  2 . 7  
P 
are replaced by the pavement 1a te ra l  flow parameters which may be represented by 
f the  l a t e r a l  inflow time r a t e  q per u n i t  length of the  gut ter ,  the angle n and9;
& 
depth y o  of the la te ra l  flow when i t  enters the gu t te r  flow, and dimensionless 
parameters Z t  and Zs denoting the temporal and spa t ia l  variations of q .  By 
I 
assuming tha t  n is  nearly normal t o  the gut ter  flow, Z+ can be represented by the 
L4 
duration of the la te ra l  flow t , and ignoring the e f fec t s  of yg and Zs, the 
R 

counterpart of E q .  2 . 7  i s  
Acco;*dingIy, using B and tR as the repeating var iables ,  
in which Qs = ( q L g  + Q p u ) .  
For a rectangular grate  i n l e t  (Fig. 2) connected to  a vertical-curb 
t r iangular  cross section g ~ t t e r  ( F i g .  I d )  receiving water from a spa t ia l ly  and 
temporally constant q for  t > 0 and the upstream inflow Q f 0, replacingPu 
t, by tu as the repeating time variable in E q .  2.13 and with the aid of Eq.  2 . 9  
and cross-mu1 t i  pl i  cation of some of the nondimensi onal terms, one obtains 
in which S9 = tan 4 i s  the transverse slope of t he  g u t t e r  bottom. 
2 .3  Flow Into Grate In l e t  
I n  order to  solve Eqs. 2.5 and 2.6, i t  i s  necessary to  know for  
a subcri t i c a l  flow the flow condition a t  the grate  i n l e t  as the downstream 
boundary condition. However, the gut ter  f 1ow and the flow into the i n l e t  a r e  
in te r re la ted .  Moreover, i r regular  boundaries around the grate i n l e t  make i t  
d i f f i c u l t  t o  obtain any simple general expressions describing mathematical l y  
the flow in to  the i n l e t .  Therefore, a t  the present,  assumptions must be 
made t o  provide the downstream conditions of the subcri t i c a l  gut ter  flow. 
Such assumptions may be based on previous steady-flow experimental resu l t s  
such as those obtai ned by Cassidy [ I  9661. A quasi-steady a~proximation 
i s  adopted such tha t  the flow a t  the grate i s  assumed steady a t  the instant  
considered w i t h  the flow parameters having the i r  instantaneous values. 
Most grate i n l e t s  have t h e i r  width smaller than the spread of the 
approaching flow in the gut ter .  Therefore, the flow intercepted by the i n l e t  
i s  usually limited to the portion of the flow over and immediately around the  
grate i t s e l f .  The part  of the flow passing d i rec t ly  over or around the in- 
l e t  without being intercepted i s  called the carry-over. Although the physical 
nature of the flow into a grate  i n l e t  i s  too complex t o  obtain a theoretical  
solution even for a steady flow approximation, i t  i s  possible t o  c l a r i fy  the  
physical picture by obtaining a qua l i ta t ive  relationship between the variables 
influencing the flow into the i n l e t .  A complete relationship of t h i s  kind 
was given by Eqs. 2.8 and 2.11 in the preceding sect ion,  and i t  was reduced t o  
Eqs. 2.13 and 2.14 through cer ta in  simplifications.  
Cassidy [1.966] presented a relationship between the dimensionless flow 
parameters in the form 
in which d i s  the depth of flow measured a t  the curb and Vo i s  the cross sec-
o 
tional mean flow velocity a t  the gu t te r  ex i t .  Equation 2.15 consti tutes a special  
form of E q .  2.14, in tha t  the flow i s  assumed to be steady (thus dropping 
t/tu and J t )  and the e f fec t  of the gut ter  flow including the e f fec t s  of l a t e r a l  
and upstream i nf 1 ows (corresponding to  the thi  rd,  f i  f t h ,  s ix th ,  seventh, ni n t h  , 
and tenth terms a t  the r ight  hand side of Eq. 2.14) can adequately be represented 
by two dimensioniess terms involving V o  and do when the function FI3 i s  divided 
by F12 to yie ld  Qi/Q,. 
He studied s ix  d i f fe ren t  grate geometries shown in Fig. 3 experi-
mentally and concluded tha t  although so plays an important role in determining 
the gut ter  discharge Qo. i t s  e f f e c t  on the re la t ive  discharge in to  the grate 
Qi /Qo  i s  only secondary and ind i rec t  and hence can be neglected in  E q .  2.1 5 .  
However, i t  should be remarked here t ha t  his experiments were conducted with 
supercri t i c a l  flows and with very l imi ted space for  the  flow to  pass around 
the i n l e t .  
Cassidy's resu l t s  show t h a t  a t  re la t ive ly  low values of do/W or 
al  1 the flow over the gra te  i s  intercepted by the i n l e t  and the -flow 
VO/  
pattern i s  re la t ive ly  smooth. For each of the grate  i n 1  e t s  t es ted ,  he gave a 
limiting length of the i n l e t  a t  which a l l  the water passing over i t  would be 
completely intercepted : 
in which m i s  a coeff ic ient  depending upon the geometry of the grate  i n l e t  
and i s  an indication of the efficiency of grate i n l e t .  
A close examination of Cassidy's data confirms that  the  variation 
of Q i /Q ,  with V , / q  i s  smal i e r  than f ive  percent provided Lido > 
Thus by extrapolating 'from his data ,  one may obtain the flow interception 
curves given in Fig. 4 for  the Type F grate configuration shown in F i g .  3. 
i vi ded 

These interception curves can be used only when L i s  greater than tha t  given 
by E q .  2.16. 
When the grate i s  suf f ic ien t ly  long to  intercept  a l l  the water 
passing over i t  as defined by Eq. 2.16, the flow into the i n l e t  can be ap- 
proximated by a f ree  f a l l .  Hence i t  i s  reasonable t o  assume tha t  c r i t i c a l  
f l o w  occurs a t  the upstream edge of the grate i n l e t  i f  the approaching flow 
i s  subcr i t i ca l .  The specif ic  energy head of the approaching flow i s  given 
For c r i t i c a l  flow condition, Eo i s  minimum for  a given approach discharge 
Qo [Chow, 1959; Henderson, 19661, i . e . ,  dEo/dyo = 0. This condition combined 
w i t h  Eqs. 2-17 and 2.4 yields  
I t  should be noted tha t  Cassidy used a flume with a width of 14 in .  
to represent the gut ter  while h i s  grate i n l e t s  were 12-in. wide. Consequently 
tr iangular flow section was obtained only for  small depths. A t  large depths 
he assumed tha t  the behavior of the flow in the flume would approximately be 
the same as in a real tr iangular gut ter .  Moreover, he tested flow conditions 
for  which Froude number i s  not l e s s  than 1.0. Therefore, the use of his ex-
perimental data i n  the present study when the spread of water i s  considerably 
greater than the width of the grate i n l e t  or when the flow i s  subcr i t ical  i s  
only a re luctant  approximation because of lack of 'bet ter  information. 
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in which k . is  a 1ength measure of the roughness s ize of the surface texture. 
fu l ly  developed turbulent flow region (Eq .  2 2 2 ) .  Furthermore, the Blasius 
Prandtl equation 
- -' - 2 log w R+0.404 
AF 
applies. Nevertheless, hydraul ical ly  smooth boundary turbulent flow rarely 
occurs on surface runoffs because of the roughness of the boundaries. Inclusion 
of the transitions and Eq. 2.23  in the analysis would make the computations and 
programming lengthy and ineff icient .  Therefore, for  the sake of simplicity 
F ig .  5 Friction Coefficient Equations 
23 
t s ign i f ican t  effect  on accuracy, they are not considered in t h i s  study. 
? 
e resistance coeff ic ient  i s  assumed suf f ic ien t ly  approximate by using 
inuouS 
.20, 2.21, and 2 .22  as i l l u s t r a t ed  i n  F i g .  5. 
In solving the Saint-Venant equations the Reynolds number. of the flow 
j c l  t h e  
,t the cross section considered i s  computed and then compared with the values 
\ . . @ 
of the reference threshold Reynolds numbers t o  determine the proper resistance 

For ig

@ 
r> coeff ic ient  equation tha t  should be used. The reference Reynolds number, R l  ,[rman-
between Eqs. 2.20 and 2 .22  fo r  1arger surface roughness can be obtained by sol ving 
p 

these two equations simultaneously. Thus, , 
23 
R l  = Cf (2  log 2W + 1.74)2 
Likewise, between Eqs. 2.20 and 2.21 , 
The c r i t i c a l  value of k/R t o  determine which equations should be used1 
can be found by equating Eqs. 2.24 and 2.25 t o  y ie ld  
1 For k / R  - > ( k / R ) , ,  i f  the Reynolds number of the flow R < R1 , Eq. 2.20 i s  used 4' 
p 
b to  g i v e  the value of f ;  otherwise, i f  R > R 1 ,  Eq. 2.22 appl i e s .  For k/R < ( k / ~ ) ~ .  
k 
t h r e e c a s e s e x i s t :  i f  R < R 2 ,  E q .  2 .20appl ies .  I f  R 2 < R c  W 3 , E q .  2.21 gives+' 

> 
i f-
Note t h  A and 5 a re  each a n by n ma t r i x ,  and C,  Px and Pt a re  co l umn 
* 
mat r i  ce Mu1tip l y i  ng Eq. 3.2 by a nons ingu la r  n by n ma t r i x  T whose e l e -  
ments .a t o  be determined l a t e r ,  one has 
i nal  
* * 
By deve lop ing  a canonica l  form such t h a t  T A = ET B where E i s  a  diagonal 
m a t r i x  w i t h  diagonalielementsqei, e2, en, E q .  3.3 can be w r i t t e n  asa e 9  
* * * * -br * 
in which A = T B = [ a . . ]  and C = T C = [c j ] .  The J - t h  equa t ion  o f  Eq. 3.4 
J 1 
ivef y . 
The 
one 
$-
i; 
/J Ifa i  + B j  i s  t h e  u n i t  v e c t o r  f o r  which ej = a/@= c o t  @ (F i g .  6 )  one ob-
-
- 1 Ip,i .  cos @ + pti s i n  @ 1 
F i g .  6 Notation Used i n  Development of Characterist ics 
which i s  l/B multiplied by the directional derivative of pi in the direction 
defined by the unit  vector a i  + B jm  Hence every equation of the transformed 
system contains dif ferent ia t ion in only one direct ion.  
The elements of the diagonal matrix E a r e  determined by noting t h a t  
dr * 
T A = ET B and hence 
which is a system o f  n homogeneous l inear  algebraic equat ions f o r  tjk. Fo r  
a nontrivial  solution of Eq. 3.7 to  ex i s t  i t  requires t ha t  
* 
where the values o f  e .  are  the eigenvalues. Elements of T can also be com-
J 
puted from Eq .  3.7 once the values of e are known. The direction of ski + pk jj 
for  which ek = a /@ i s  called the charac te r i s t ic  direction and the n d i f f e r -k k 
ent ia l  equations 
are cal led the character is t ics  of the  system. 
27 
For hydraulic routing problems the number n i n  E q .  3.7 i s  2 ,  hence 
the character is t ics  form two families of  curves o f  one parameter. Ifthese 
curves are  to  be used as the axes for  a new curvi l inear  coordinate system, 
the following transfdrmations can be adopted. 
Substi tuting E q .  3.10 into the quant i t ies  e.pi x + one obtains ~ t~ 
Li'kewi s e ,  
Hence, for n = 2 ,  the system described by E q .  3 .4 which i s  equivalent t o  
becomes 
Equations 3.12 and 3.14 together with 3.15 and 3.15 a re  called the canonical 
equations and const i tute  a simpler system than the original  system of par t ia l  
d i f fe ren t i  a1 equations. Al though the new system consists of -four equations 
ra ther  than two, i t  i s  easier  t o  solve. 
The method of charac te r i s t ics  consists of application of f i n i t e  
differences t o  the above mentioned canonical equations t o  solve them simul-
taneously. By knowing the f a c t  t h a t  Eqs. 3.14 and 3.15 are  to  be evaluated 
along the charac te r i s t ics ,  they can be expressed in the more familiar form 
3 . 2  Review of Fini te  Differences Schemes 
Fini te  differences technique i s  widely appl ied to solve partial  
d i f fe ren t ia l  equations. In replacing the par t ia l  d i f fe ren t ia l  equations 
with the corresponding difference quotients,  cer ta in  conditions must be fu l -  
f i l l e d .  The solution of the difference equations should approach to  the 
t ion of the d i f fe ren t ia l  equations as the f i n i t e  differences in the independ( 
variables approach to zero. In  other words, the solution must converge t o  
the solution of the d i f fe ren t ia l  equations. 
The use of f i n i t e  differences technique has been proposed in two 
major classes of schemes, namely, the expl ic i t  and implicit  schemes. The 
main d i s t inc t ion  between the two classes i s  tha t  in the former one partial  
d i f fe ren t ia l  equations are  transferred into a s e t  of l inear  algebraic equa- 
t ions from which the unknowns can be evaluated exp l i c i t l y .  For the imp] i c i t  
schemes, the difference equations may form a s e t  of l inear  or  nonlinear alge 
braic equations to  be solved simultaneously. I t  i s  possible t o  apply the 
f i n i t e  dif ferences .  technique e i the r  d i rec t ly  to the original system g iven  i z  
the form of E q .  3.1 or to  the charac te r i s t ic -  equations. The discussion of 
t i a l  
ns 
i t e  differences schemes in charac te r i s t ic  equations will be prevailed u n t i l  
next section.  A short  review of some of the d i r e c t  schemes proposed i n  
1- l t e r a tu re  i s  given as follows. 
ed 
n 
9) 
9 
- -  
3.2.1 Explicit  Schemes 
Strel  koff [I  9701 discussed a d i rec t  conversion of the Sai nt-Venant 
equations (Eqs. 2.1 and 2 . 2 )  t o  a f i n i t e  difference form by expressing each 
space derivative and each coeff ic ient  in terms of known values. The values 
-
of the dependent unknown variables appear only in the  approximations t o  the 
time derivatives (Fig. 7 ) .  The part ia l  derivatives a t  a point P ( x , t )  i n  the 
--- 
computational grid a re  replaced by forward f i n i t e  differences along the t -ax is  
and central  f i n i t e  differences along the x-axis. 
4 1  -
sol u -
zndent  
3 
3 
1 
3 -
: i t  
I ge-
All coeff ic ients  are  evaluated a t  the point ( x k 3 t j )  With conditions known 
for a l l  x along t the unknown variables a t  ( x k 3 t j + ,  ) c a o e  computed. HOW-j 5  
ever, such a scheme due to  i t s  large round off e r ro r s  gives unstable solutions 
[Strel koff, 1970; Sevuk and Yen, 19731. 
Stable solutions with exp l i c i t  schemes can be obtained by using 
staggered computational grids i n  the x - t plane. Stre l  koff [I9701 proposed 
such a scheme,for open-channel flows. A scheme s imilar  to S t re lkof f ' s  has 
been proposed by s bonkers [1 9691 for  t ida l  computations. In Dronkers ' scheme 
in the following difference quotients are  substi tuted f o r  partial  d i f fe ren t ia l s  
F (Fig. 8 ) .  
Fig. 7 Rectangular Computational Net Used in  Direct 
Difference Scheme 
Fig. 8 Staggered Computation Net f o r  Direct Expl ic i t  Scheme 
." 
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techniques. If the coeff ic ients  are  evaluated a t  t = j+ l .  the difference 
equations form a s e t  of nonlinear algebraic equations and the solution shod  d 
be obtained by use of an i t e ra t ion  technique. 
There are  many possible implic i t  schemes which can be used to  solve 
par t ia l  d i f fe ren t ia l  equations. More popular ones are  the variations of 4-
point o r  6-point schemes which a re  summarized in  Fig. 9. Although a l l  the 
noncentral schemes shown in Fig. 8 use forward differences along the space 
a 6-point central implic i t  scheme proposed by Liggett and Wool h 
1 / f - 2 - 7 \ 
' * 
The coeff ic ients  are  centered a t  [ (k+l ) /2 ,  j]. When the difference expression 
are  introduced into  Eq. 3.1 with i = 1, 2 a t  each in te r ior  reach, two equatio 
for  each of the N - 2 i n t e r io r  pa i n t s  i n  the unknowns and d 2  are obtained. 
F.lheie equations form a closed system i f  the solution i s  known a t  the boundari 
x = 1 and x = N. In order to  solve these ZN - 4 nonlinear equations simul- 
taneously an i t e ra t ion  technique should be used. 
Dronkers [I9691 proposed a 4-point fdrward implicit  scheme in whic 
the f i n i t e  difference along the x-axis Ax i s  not necessarily a constant. Th 
following difference quotients are  applied to each of the Pk' th in te r ior  poi 
along the time levei t = j to  convert E q .  3.1 in to  a 5~!t of difference equa 
t ions  (Fig. 
he 
ce 
nner ,  
ool h i  5 
ss ions 
ati ions 
ined . 
n d a r i es 
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~ d h jch 
The 
p o i n t s  
qua-
4-Point  Central Implicit Scheme 
i ( k + 1 3  j + l )  - p i ( k + l y  j.) + p i ( k 9  j + l )  p i ( k $ j )
2 A t 2 A t 
4-Poi n t  Non-Central 
6-Poi n t  Central 
6-Poi n t  Non-Central 
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F i g .  10 Computation.Net for  Dronkers' Implicit Scheme 
The coeff ic ients  are evaluated a t  ( 2 k , j )  to  give a l inear  system of algebrai 
equations. 
The selection of number points to  be used i n  approximating the 
par t ia l  derivatives depends upon the accuracy required and computer expenses 
3 .3  F in i te  Difference SchPmes Applied to  Method of Characterist ics -
The charac te r i s t ic  equations have been derived in Section 3.1 r e -
su l t ing  i n  Eqs. 3.18 and 3.9 with k = 1 for  the forward character is t ic  direc 
t ion and Eqs. 3.19 and 3.9 with k = 2 for  the backward direct ion.  Fini te  
difference techniques including b o t h  t h e  expl ic i t  and implic i t  schemes can 
be .appl ied to these equations t o  provide numerical solutions.  
Streeter  and Wyl i e  [I  9671 introduced an expl i  ci t scheme employing 
the method of f i n i t e  differences i n  a  rectangular computational net of the 
x - t plane. The character is t ics  are approximated by s t r a igh t  l ines .  By 
knowing the values of p1 and ' p2 along each reach when t = j ,  the unknown a t  
' 35 
+I  can be computed by the following subst i tut ions  (F ig .  11 ) .  Along the 
ard character is t ics  one has 
ii 
2$ I ld p l  ( k , j + l )  - p (k-I .J)= p 
w 
p 

4 

a dP2 = p 2 ( k , j + ~ )  - p2 (k - l , j )$4 
&& 
$i& 
& g& dx = Ax 
b; d t  = A t  
j&Q 
e&$ i 1a r ly ,  a1 ong the backward charac te r i s t ics  & 
#%I 

@, dp l  = p 1 ( k , j + l )  - p 1 (k+l,j)kd 
dp2  = p2(k,j+1) - p2(k+l, j )  
8% dx = Ax& 
@ 
W"p: d t  = A t  
pj 
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A d i f fe ren t  type of exp l i c i t  scheme called Courant's scheme [Ames, 
19691 applies to  the f i n i t e  difference quotients t o  the canonical equations@
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in .the form of Eqs. 3.14 and 3 . I  5.  The space derivative terms in E q .  3 .4  
which represents the forward characteristic are rep1 aced by 
Equation 3.15 corresponds t o  the backward characteristic and the following 
f i n i t e  difference quotients substitute the space derivatives (Fig. 11 ) .  
For both characteristic directions one has 
The coefficients in Eqs. 3.14 and 3.15 are evaluated a t  the point ( k , j )  to  
obtain a linear system of algebraic equations. 
3.3.2 Implicit Schemes 
Ames [I9691 reviewed a procedure which i s  attributable to Hartree 
[I9581 that  gives the solution on a predetermined fixed rectangular grid. 
Since the solution i s  desired a t  a fixed time, interpolation of dependent 
variables i s  required as the computation advances. -,Ine interpolation pro-
posed i s  one-dimensional. With reference t o  Fig. 12, suppose solution i s  
known a t  the mesh points a t  the time level t = j .  The grid points R ,  S, e t  
are equally spaced a t  the next time level t = j+ l .  The characteristic curv 
are approximated by arcs of parabolas and defined by 
in the forward direction; and 
1 
X~ - X~ = [e2(R) + e*(Q)lA t  

for  odd times and distances,  and some interpolation of the resu l t s  may be 
required. M i  t h  reference t o  Fig. 13, assume the coordinates of points R and 
S and  the values of p l and p 2 a t  those p o i n t s  are known, then Eqs. 3.18 and 
3.19 can be. wri t ten as fol 1ows 
and Eqs. 3-19 and 3.9 become 
This pair  of  equations should then be solved for  x 
Q 3  
t ~ 'P ' (Q)  and p2(9)  
simultaneously by use of an i t e ra t ion  technique. 
Fig. 13  Characterist ic Grid o f  Streeter  and  Wylie 
Several  schemes o f  t h e  method o f  c h a r a c t e r i s t i c s  t o  so l ve  p a r t i a l  d i f -  
e n t i a l  equa t ions  have been rev iewed i n  t he  p reced ing  sec t i on .  Fo r  t he  
e n t  s t udy  of s o l v i n g  t h e  Saint -Venant  equat ions f o r  f l o w  i n  g u t t e r s  f o r  
t h e r e  i s  no a n a l y t i c a l  s o l u t i o n  a va i l a b l e ,  an e x p l i c i t  sc'heme o f  method 
c h a r a c t e r i s t i c s  i s  se lec ted .  The major  advantage o f  an exp l  i c i  t scheme 
r imp1 i c i  t schemes i s  be ing  e a s i e r  t o  program f o r  computer use. When ex- 
schemes a re  used f o r  problems dea l i n g  w i t h  l ong  r i v e r s  hav ing b i g  depths ,  
they may r e q u i r e  more expensive computer runs than i m p l i c i t  schemes. Th is  i s  
due t o  t h e  f a c t  t h a t  s h o r t e r  t ime  i n t e r v a l s  must be chosen f o r  t h e  former 
i n  t he  computat ional  process t o  s a t i s f y  t he  s t a b i l i t y  c r i t e r i a  f o r  e x p l i c i t  
schemes. However, gutters are usually no longer than a few hundred f ee t ,  
and maximum depths i n vo l ved  a r e  l e s s  than  one f o o t .  Thus use o f  an e x p l i c i t  
scheme f o r  g u t t e r  f l o w  s o l u t i o n s  i s  j u s t i f i a b l e .  
Equat ions 2.5 and 2.6 c o n s t i t u t e  t he  o r i g i n a l  s e t  o f  hype rbo l i c  
p a r t i a l  d i f f e r e n t i a l  equat ions f o r  t h e  p resen t  s tudy.  They can be w r i t t e n  
i n  m a t r i x  fo rm 
i n  which 
Thus, from Eq. 3.8 -l 
1 

det 
-e 2% 
= 0 

~g - 2V2T 2V-e 

T h i s  equat ion  can be solved for  e to give two values, el = V + c and e2 = V -
where c = J Ag/2T i s  the celer i ty.  
* 
The matrix T o f  Eq. 3 . 3  can be evaluated by using E q .  3.7 i n  i t s  
expanded form 
(a l l  - @ l b l l ) t i i  + (a21 - elb2,) t12 = 0 
(a1* ' e l b I 2 ) t l l  + (a22 - elbZ2)t l2 = 0 
For  the present problem they become 
t$i 
3* 

gj!
$ ch are homogeneous linear equations. Nontrivial solutions of these equa- C I  
P-

gr t ions exis t  whefi Eq. 3.20 i s  sa t i s f ied ,  and t l ,  and  t12depend on each other.5 
I n  other words, there are inf in i te  number of solutions. Hence choosing a r b i -
I L.trari  l y  t,i I = 1 one can evaluate t,, as t12= - l/2T(V - c ) .  Similarly
* 
lett ing t2, = 1 ,  O M  obtains tZ2= - l/2T(V + c ) .  Hence the matrix T becomes 
* * 
The matrices A and C of E q .  3.4 can then be easi ly computed as 
and 
-4' 
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F i g .  14 Rectangular Computational Net  
for t h e  Present S t udy  
f l ow  
S 
assumed tha t  the flow i s  never c r i t i c a l  a t  the mesh points selected for  the  
computat ional  grid,  and the c r i t i c a l  flow condition i s  used as  a boundary 
condi t ion-a t  the downstream end of  the gut ter  i f  the gut ter  f l o w  i s  subcri- 
t i c a l .  
By introducing the f i n i t e  difference quotients t o  Eqs. 3.21 and 3.22 
one obtains 
(9 ,  - QR ) .  
- 'R + [xi-2TR(VR - cR)  ]at = 0 (3.25)'p - 2TR(VR - CR) 2TR 
whereas Eqs. 3.23 and 3.24 become 
The flow conditions a t  the points R and S can be evaluated by linear 
interpolat ion from the known conditions a t  A ,  B, and C (Fig. l 4 ) ,  
L i  kewi se  
t h a t  and one 
The values o f  Q, and y, can be computed s imilar ly .  For subcr i t i ca l  
3 3 
where 
2y; cot  @ 
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For supercr i t ical  flow, the conditions a t  S should be obtained by 
interpolat ing the Plow conditions a t  the poin ts  A and C, 
where 
Equations 3.29 and 3.31 a re  solved f o r  QR and yR by i t e ra t ion .  The 
values of QS and yS are  computed from Eqs. 3.32 to  3.34 for  subcr i t ical  flow 
or from Eqs. 3.35 to  3.37 fo r  supercri t i c a l  flow through i t e r a t ion .  Knowing 
the conditions a t  the points R and S, Eqs. 3.25 and 3.27 can be solved simul- 
taneously to  give the following exp l i c i t  values of Qp and yp, 
3.4.3 Boundary Conditions 
Equations 3.38 and 3.39 together provide the solution f o r  the flow 
P6: 

@ t internal cross sections along the gu t t e r ,  b u t  they are  not applicable t o  8 

P .the end sections.  Therefore, additional information should be provided a t  the 
%! 

g # $ upstream and downstream boundaries. 

&$&#  Inflow hydrograph provides the additional information a t  the u p -$$ 
stream boundary. The inflow hydrograph i s ,  for  the sake of i l l u s t r a t i on  
without losing generali ty,  a r b i t r a r i l y  chosen as a s ine  curve for the present 
study, i . e , ,  
li% 
where Qpu and t are coeff ic ients  defining peak discharge and the duration 8'; u 
7 * of the hydrograph. The subscript  u stands for  upstream boundary. The dis-  
t". 
p 

charge Q a t  the upstream boundary can be obtained from E q .  3.40 a t  any time 
g
Jip level , and then the average depth may be computed from E q .  3.25.+in
> 
44 

bb When the gutter flow i s  subcr i t ical  the downstream boundary condi-g

C 151 

1- tion i s  given by E q .  2.18 , and can be used to  determine the unknown variable & 
i!k g a t  the downstream boundary together with Eq.  2.1 which can be transferred in to  g 
I6 f i n i t e  difference f o rm as@ 
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of the net will be within the uniqueness domain o f  the adjacent points A 
and B. 
In the present scheme the values of Ax are f i x e d  and equal w h i l e  
the value o f  A t  are obtained as t h e  computation advances according t o  the 
above discussion, that i s  
-" < ( Ax 
This c r i t e r i a  i s  commonly called the Courant condition. 
Fig. 15  Stabi l i ty  Criteria for Explicit Schemes 
4. ANALYSIS OF FLOW FROM GUTTERS 
4.1 Inflow and Gutter Conditions Analyzed 
As discussed in Section 2 . 1 ,  the gut ter  flow can be solved numer-
ical ly by using the Saint-\/enant equations (Eqs. 2.5 and 2.6) which has been 
formulated in an expl ic i t  f i n i  te-difference scheme applied t o  the method 
of charac te r i s t ics  as presented in Section 3.4 .  I f  the flow i s  subcr i t i ca l ,  
the downstream cond i t i on  i s  assumed t o  be a free f a l l  a t  the end of the gu t te r .  
The numerical scheme has been programmed in FORTRAN IV language and solved by 
, -- using an IBM 360/75 d ig i ta l  computer system. With the value of Qo thus computed, 
the flow in to  the grate i n l e t  Q i  can be approximated by using Cassidy's [I9661 
experimental resu l t s  relating Q i /Qo  t o  other flow parameters. 
In order to analyze a suf f ic ien t  range of flow conditions and to  
present the resu l t s  in a general form, guidance i s  taken from the resul t  of 
dimensional analysis for  long gut ters  having t r iangular  cross section and 
para1 l e l  rectangular grate i n l e t s .  The case of specified constant l ateral  flow 
ra te  q wi t h  very long duration without considering d i rec t ly  the  pavement flow 
( E q .  2.12) i s  presented in t h i s  chapter. The case of considering the pavement 
flow from ra infa l l  as a part  of the system ( E q .  2.8) will be considered in the 
grate i n l e t  (Fig.  3 )  tested by Cassidy [I9661 i s  selected in the present study. 
For t h i s  t e s t  case, the specified nondimensional parameters a r e  S = 1/20'.8 = g 
0.048 or  4 = 2.57', Lg /B  = 50, W/L = 1.  In referring to Eq. 2.10 and Fig. 3 . ,  
where W = 1 f t .  Furthermore, the downstream boundary condition parameter i s  
approximated by the interception curves shown in Fig. 4 ,  and the gutter upstream 
inflow hydrographs are assumed t o  be o f  sine-curve shape so . t ha t  the parameter 
J t  in  Eqs. 2.8 and 2.14 i s  constant. Hence, fo r  t h i s  case of i n l e t  and gut te r  
without considering the pavement d i rec t ly ,  Eq. 2.14 can be simplified for  
Based on thi  s equation, the ranges of f iow conditions t o  be anaiysecl f o r  the 
Type F inl  e t -gut ter  system are  determined and l i s t e d  in Table 1 .  
The f i r s t  term on the r i gh t  hand side of Eq. 4.1 represents the u n -
steady nature of the flow into gra te  i n l e t .  The second term, So, considers 
d i rec t ly  the  e f fec t  of the longitudinal slope of the  gu t te r .  The parameter 
Q /Wv being in a Reynolds-number form ref lec t s  the e f f ec t  of viscosity t o  the  PU 
gu t te r  flow. The fourth term, in the Froude-number formdenotes the e f fec t  of 
gravity.  The re la t ive  importance of the la teral  flow i s  ref lected by the para  
meter q L  / Q  . The l a s t  term, Q t / W  2L accounts fo r  the e f f e c t  of the dura g pu P ' J U  g 3  
t i  on of the  gut ter  i  nf 1ow hydrograph. 
For the sake of comparison of the resu l t s  showing the effects  of 
the various nondimensional independent parameters a reference condition i s  
chosen as follows: 
1.  	 v = 1.93 x low5 sq f t / s e c  which corresponds to a w a t e r  temper-
ature 32OF. 
2 .  	 The peak discharge QPu of the sine-curve gut ter  inflow hydrograp 
i s  chosen based on a reference discharge Qr = 0.636 Q Pu which i s  
equal t o  the average discharge of the hydrograph. The value of 
i s  the discharge fo r  a steady uniform c r i t i c a l  flow in a gu t te r  
flowing ju s t  f u l l  with the water surface equal t o  B .  
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the nondimensional duration decreases. This i s  obviously due t o  smaller 
to ta l  inflow volume for  a shorter duration as compared to  the volume o f  
the gu t t e r  when completely f i 1 led ,  and  consequently the  re1 a t ive  delay 
of the  peak outflow. 
gW S9 on the gu t te r  flow and The  e f f ec t  of the parameter Qpu/F 
intercepted flow i s  indicated in Figs. 16 and 20. For a greater  re la t ive  
gravity force ,  the inflow reaches the grate i n l e t  a t  a shorter  t i me  w i  t h  
less attenuation.  Alternatively,  from Fig. 16, f o r  a given gut te r  and 
L *  0- '-
i n l e t  and a given duration of the gu t te r  inflow hydrograph the greater 
the value of Q the more the volume of inflow. With a constant deten- P'J 
t ion storage capacity of the gu t t e r ,  the large amount of inflow would 
produce a hi gher hydraul i  c gradient and smal l e r  res is tance per unit  mass 
of the  flow as compared to the case of a smaller inflow. Consequently., 
i t  i s  expected tha t  the fiow attenuation i s  srnaiier and flowing f a s t e r  
for  the large flood than for  " the  smal l e r  one. 
As shown in Figs. 18 and 2 2 ,  the re la t ive  r a t e  of outflow from 
the gu t t e r  as well as the inflow in to  the grate i n l e t  i s  re la ted direct ly  
to the r e l a t i ve  amount of l a te ra l  flow into the gu t te r .  However, the 
computer r e su l t s  show tha t  fo r  the conditions considered the e f f e c t  of l a t e r a l  
flow on the r e l a t i ve  time dis t r ibut ion of the gu t t e r  and i n l e t  flows are small. 
This i s  due par t ly  to  the approximation of one-dimensional approach used i n  t h i s  
analysis.  I t  should also be noted here tha t  the lowest curve in Figs. 18 and 22  
with q = 0 i s  the case of no l a t e r a l  flow corresponding to s i tua t ions  
such as s t r e e t  washing, hydrant f lashing,  and snow me1 ting a t  upstream. 
I t  i s  apparent tha t  for  otherwise ident ical  conditions, the 
s teeper  the gu t te r  slope, the f a s t e r  the inflow wi l l  be conveyed t o  the 
i n l e t  with less  attenuation. This i s  indeed the case as shown 
nondimensionally in Figs. 19 and 23. When the gu t te r  slope i s  f l a t ,  the 
flow may be subcr i t ical  in the en t i r e  gut ter  over the  whole period of 
runoff. However, when the gu t te r  i s  s teep,  the f l  ow becomes supercri t i  cal . 
As discussed in Sec. 3.4.3, the downstream boundary conditions used in the  
nurneri cal sol uti on are d i f fe ren t  f o r  subcri t i  cal and supercri t i  cal flows 
a t  the downstream end of the  gu t te r .  For the curves in Fig. 19 and 23 ,  
the flow i s  subcrit ical  fo r  gu t te r  slope of 0.0012, whereas f o r  slopes of 
0.0048, 0.C072 and 0.0096 a t  peak discharge in the  neighborhood of the 
downstream of the gut ter  the flow i s  supercr i t i ca l .  
Since the flow from the gu t te r  may pass over or  flow around 
the i n l e t  without being intercepted,  the ra t io  Q i /Q o  indicating the 
eff ic iency of the i n l e t  i s  n o t  necessarily equal t o  unity. In  f a c t ,  for  
the  Type F grate i n l e t  and the gu t te r  and flow conditions investigated,  
t h i s  r a t i o  of Q i / Q o  i s  always smal l e r  t h an  unity. For most of these 
cases investigated,  there may i n d e e d  be some carry over o f  water passing 
through the i n l e t  without being intercepted as L/W = 1 and B / W  = 2 ,  i. e .  , 
the gu t t e r  width i s  wider t h a n  the grate i n l e t  width and the i n l e t  i s  
n o t  ve r y  long. Nevertheless, i t  should be mentioned here t h a t  the  values 
o f  Qi are computed by using Cassidy's [I9661 experimental resu l t s  of 
Q i / Q o  while do and Qo a t  the downstream end of the  gu t te r  are determined 
by solving the Saint-Venant' equations with the assumed downstream boundary 
conditions. Cassidy's d a t a  were obtained from steady flows and from a 
12-in. wide in l e t  in a 14-in. wide narrow flume allowing only limited 
amount of water t o  flow around the i n l e t  t o  be carr ied downstream. Thus 
the computed resul ts  of Q / Q  shown in Figs. 20 t o  23 are presumably 
0 PU 
more accurate than the corresponding values for  Q i /Q  shown in  Figs. 1 6Pu  
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t o  19. One would also expect t ha t  for  supercr i t ical  approaching flow the 
computed Qi  based on Cassidy's data i s  overestimated whereas f o r  subcri t i c a l  
approaching flow i t  i s  underestimated. The underestimate of Qi f o r  sub- 
c r i t i c a l  approaching flow i s  due par t ly  t o  the assumed boundary condition 
of c r i t i c a l  depth a t  the cross section the gut ter  joins the i n l e t  in the 
numerical s o l u t i o n .  Because o f  the geometry of the  i n l e t ,  the c r i t i c a l  
depth actual ly  occurs somewhere downs tream from the upper edge of the 
openings of. the  i n l e t  and the flow i s  highly disturbed and curvi l inear .  
However, a careful examination of the computed resul t s  indicates tha t  
the e r r o r  due t o  change of f l ow  regimes a t  the downstream boundary of 
the g u t t e r  a1though not negl igible ,  i s  n o t  appreciable, part icul ar ly  i f  
the approaching flow i s  supercri t i c a l .  A f inal  t e s t  on the r e l i a b i l i t y  
of the  theoret ical  resul t s  , of course, hinges on t h e i r  agreement with 
future experimental resu l t s .  
Based on his data ,*cassidy indicated t h a t  f o r  steady flow 
Q i / Q o  i s  not a function of So which may be t rue f o r  his narrow flume. 
A comparison of Figs. 19 and 23 gives the value of O i / Q o  which indicates 
t h a t  S i s  an important factor  fo r  t h e  cond i t i ons  investigated i n  t h e  
0 
present study. I t  should also be noted here t ha t  al though the computed 
gut te r  flow depth y and velocity V are not presented fo r  the sake of 
brevi ty ,  the values of do  can be obtained by using Figs. 16 t o  23 and 
Fig. 4 and subsequently Vo can be obtained. 
Al though the dimensionless hydrographs i n  Figs. 16 t o  23 gives 
be t t e r  physical picture on the hydraulic phenomena of unsteady gut ter  
flow i n t o  i n l e t s ,  from a practical  viewpoint, the peak flow ra te  Qp i  
in to  the grate i n l e t  and i t s  time of occurrence tP are of more in te res t s .  
TABLE 2 .  Comparison of Peak Discharges for 
Unsteady and Steady F l ~ w s  
Run 
No. 
Qpo'Qpu 
Unsteady Steady 
Qpi/Qpu 
Unsteady Steady 
Re f  1.45 1.63 1.05 1.15 
Thus the numerical resul t s  are  rep1 otted in Figs. 25 t o  28 fo r  dimension1 ess 
and t re la t ive  t o  the reference flow condition f o r  the e f fec t s  of Q,i P 
gu t te r  inflow magnitude and duration, o f  l a te ra l  flow, and of gu t te r  slope. 
The dashed parts of the curves in these figures correspond t o  the case of 
subcr i t i ca l  approaching flow to  the i n l e t  around i t s  peak value as 
discussed previously. An example of use o f  these curves will be given i n *  
the next section.  
Another feature of i n t e r e s t  i s  to  compare the unsteady flow to  
the corresponding steady flow so tha t  the e f fec t  of unsteadiness can be 
observed. The corresponding steady flow condition i s  selected as the 
steady uniform gut te r  flow with a discharge equal t o  the tota l  maximum 
gut te r  inflow, i . e . ,  Qpu  plus q L g ,  which i s  the discharge comnonly used 
in conventional method in design or computation o f  gut te r  flows by using 
the Flanni ng or  Chezy formul as.  The corresponding computed resul t s  for  
steady and unsteady cases are given in Table 2 .  As i t  can be seen from 
Table 2 ,  the steady flow approximation overestimates the flow in  a gutter 
i f  the  flow i s  actually unsteady. However, the flow intercepted by the g ra t e  
- .  
may be e i t h e r  over- orunder-estimated by the steady flow approximation. 
4.3 Example Applications 
Figures 25 t o  28 are provided for  easy determination of the 
re la t ive  magnitude of peak di;charge into  the grate  i n l e t ,  QP I./Qp u 9  and 
i t s  r e l a t i ve  time of occurrence, t / t  which are the  major objectives P u 3  
f o r  many practical  problems. Through a systematic use of these figures,  
the peak discharges and i t s  time of occurrence f o r  dif ferent  flow conditions 
for the given i n l e t  and gut ter  geometries of d i f fe ren t  gut ter  slopes can 
be determined. The procedure will  be i l  lus t ra ted in the fol lowing example. 



I-' 

m 
Suppose a s t r e e t  has a gutter having slope So = 0.008, width 
B = 2.5  f t ,  la teral  slope S = 0.048, and silrface roughness k = 0.0125 f t .  9 

The spacing between the in le ts  i s  sufficiently long tha t  for  the sake o f  
simplicity and saving in computation only the l a s t  reach of  the gutter 
= 50 f t  i s  used in th is  example D computation. The inflow into this  Lg  
reach from the upstream part of the gutter i s  assumed to  have a peak dis- 
charge Q = 0.150 cfs ,  a duration t, = 80 sec, and th is  inflow hydrograph Pu  
can be approximated by a sine curve. The 1 ateral flow from the pavement 
and direct ly from rainfall  has a steady rate q = 0.003 c f s / f t  o f  gutter ,  
s tar t ing a t  the same time of in i t ia t ion  of the upstream gutter inflow 
into th is  reach. Furthermore, the downstream grate in le t  i s  of Type F 
with W = L = 1.25 f t .  For th i s  gutter and i n l e t ,  since Sg = 0.048, 
B/Lg  = 0.05, k/B = 0.005, $/I./ = 2 ,  and L/W = l , F igs .  25 to  28 can be 
used t o  determine the peak discharge and i t s  time of occurrence of the 
flow into the in le t  as'follows. 
The f i r s t  step i s  to  compute the value of nondirnensional 
parameters for  the given condition : 
The second step i s  the determination of  the values of the flow 
a t  the reference condition which has been discussed in Sec. 4.1 : 
112 
Qr = (2gy5co t2+) "2  = [2 x 32.2 x ( 0 . 0 6 ) ~  x ( 2 0 . 6 ) ~ ]  = 0.145 c f s  
= Qr/0.636 = 0;145/0.636 = 0.23 cfsQ ~ ,  

V = Q / A  = 0.145/0.150 = 0.17 fps
r 
f = l/(28 log 2R/k  t 1 . 7 4 ) ~= 0.0746 
Hence, for the reference cond i t i on ,  
(S,), = 0.0048 Metz 8efersnce RO@Z University o f  I l l i n o i s  
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Thus, 
* * 
There fo re ,  f r om  F ig .  25, GQ = 1.09, Gt = 0.77. L i kew ise ,s ince  
* 3%from F i g .  25, TQ = 1.0, Tt  = 1.0; 
* 7k ' 
from F ig .  27, qQ  = 1.17, q t  = 1.0; and 
* * 
f r om F ig .  28, SQ = 1.04, St = 0.895. Knowing (QP I./QPU) = 0.105 from 
F ig .  16,  17, 18 o r  19, one can f i n d  Q . / O  as f o l l o w sP' PU 
hence, 
Qpi = 1.393 Qp u  = 0.21 c f s  
S im i l a r l y ,  by knowing ( t  /t ) = 1.32 f rom any o f  F igs .  16 t o  19P u r  
and 
= 0.91 t, = 72.77 sect~ 
I t  should be ment ioned here  t h a t  t h i s  r e s u l t  i s  by no means exac t  
b u t  s u f f i c i e n t l y  accurate f o r  eng ineer ing  purposes. The approx imat ion 
involved i n c l u d e  those i n  t h e  numer ica l  s o l u t i o n s  t o  produce F igs .  25-28 
and t h e  assumption t h a t  t h e  peak d ischarge  and i t s  t ime o f  occurrence can 
3k $c 'W * 
be computed by us ing  t he  r e spec t i v e  geometr ic p roduc ts  o f  G ,T . ,  q , and S . 
5 ,  ANALYSIS OF FLOW FROM GUTTER AND PAVEMENT UNDER RA IN  
5.1 Flow from Pavement and Gutter into  In l e t  
The factors affecting runoff from gutters in to  i n l e t s  have been 
discussed in  the preceding chapter for  the case of constant l a t e r a l  flow, q ,  
in to  the gu t te r .  In th i s  chapter the investigation i s  extended to  include un -
steady pavement flow under r a in fa l l .  S t r i c t l y  from a theoretical  viewpoint, 
i t  i s  in te res t ing  and accurate t o  apply the Saint-Venant equations t o  the 
pavement flow as to  the gut ter  flow. However, t h i s  approach would require 
a scheme to  account for  the ever changing internal boundary condition be-
tween the gu t te r  and pavement flows and hence necessitates a tr ial-and-error 
computational scheme requi ring 1arge amount of computations. Contrari ly ,  non-
l inear  kinematic-wave models disregard the downstream boundary condition 
whether the pavement flow i s  subcri t i c a l  or supercr i t i ca l ,  and hence solutions 
for  pavement flow can be obtained independent of the gu t te r  flow and only 
re la t ive ly  simple computations are  needed, par t icular ly  i f  the pavement con- 
di t ions  a r e  identical along the s t r e e t .  The kinematic wave r e su l t  i s  under- 
standably l e s s  accurate than tha t  from the Saint-Venant equations. Nonethe-
less ,  i t  i s  considerably more re l iab le  than the resu l t s  of l inear  kinematic- 
wave models such as the Manning formula or the Izzard or Horton methods. 
Because of  i t s  shal?ow d e p t h ,  pavement flow resistance i s  subject 
t o  much greater  influence of the ra infa l l  than the gu t te r  flow. In view of 
the considerable savings in  computational time and cos t  for  the nonlinear 
kinemati-c- wave model and the  lack of accurate information on unsteady flow 
resistance under rainfal 1 ,  i t  i s  judged tha t  from a practical  viewpoint the 
accuracy gained by using the Saint-Venant equations for  the pavement flow does 
not o f f se t  t h e i r  disadvantages a t  t h i s  stage of research, and hence the non-
l inear  kinematic-wave model i s  adopted as the mathematical simulation for  the  
pavement f 1 ows . 
79 
The ki nemati c-wave equa t i  ons representing the pavement f l  ow are 
a simp1 i f i ca t ion  and approximation of the Sai nt-Venant equations (Eqs. 2.1  
and 2 . 2 ) .  With the f r i c t i on  slope, Sf ,  evaluated by using the Darcy- 
Weisbach formula ( E q .  2.19), they can be written as 
aQ1ax (5 .1)- + $ = i  
f~~~s = - ( 5 . 2 )  
8gY3 
in which Q1 denotes the discharge per unit  width of the pavement flow path; 
y i s  the depth of the flow; i i s  the ra infa l l  in tensi ty  having a dimension 
of length per unit  time with appropriate units;  S = tan g i s  the  pavement P P 
crown slope; and f i s  Weisbach's resistance coeff ic ient ,  evaluated as indi- 
cated in Fig. 5. 
In th i s  study Eqs. 5.1 and 5 .2  are solved by using the method o f  
characteri s t i c s .  The character is t ic  equations are obtai ned in a manner 
s imilar  t o  t h a t  described in Section 3.4. However, i t  should be noted that  
backward charac te r i s t ics  do not ex i s t  in a kinematic wave. A forward char- 
a c t e r i s t i c  . is  defined by 
for laminar flow; and 
= ( 3  log a + 3.48) (8gspy)'d t  k n  
t' 

for  turbulent flow. The expression 
i s  valid along the forward character is t ic .  
Fini te  difference equations for  pavement flow are writ ten wi t h  
reference t o  Fig. 14 as 
for  laminar Plow; and 
fo r  turbulent flow. After calculating the interpolated value of yR from 
E q .  5.6 or  E q .  5.7;by t r ia l -and-error ,  solution i s  advanced to  the next 
time s tep  with 
Upstream boundary and i n i t i a l  conditions for  pavement flow are represented 
by a zero depth condition. 
The gut ter  flow, however, i s  s t i l l  simulated by the Saint-Venant 
equations as in the preceding chapter. These equations are nondimensionalized 
by using the gu t te r  width B and ra infa l l  duration t i .  
The numerical analysis has been performed by applying the f i r s t -  
order exp l i c i t  scheme of the method of character is t ics  discussed in Section 3 .4  
t o  the nondimensional Saint-Venant equations for the gu t te r  flow and non- 
dimensionalized nonlinear kinematic-wave equations f o r  the pavement flow. The 
nondimensional parameters considered are  guided by Eqs. 2.8 and 2.11. Again 
the case of 'Cassidy's [1966ImType F grate  i n l e t  used in Chapter 4 as an example 
i s  adopted here. With specified values of 4, L g / B ,  W/L, bl/W, b2/W, bg/W, 
b4/w. b5/w. b6/W. ob3 and J~ as given in Section 4.1, with + P = + = 2.57O, and 
assuming a constant I t  for  uniform temporal dis t r ibut ion of ra infa l l  and insig-  
n i f ican t  e f f e c t  of B2/ v t i ,  Eqs. 2.8 and 2.11 can be simplified as 
The flow condit i ons analyzed are s una r i  zed 
range of the f i  eld condi tions . The resul ts  
nondimensi onal forms for  general uses. The 
section of the gutter are shown i n  Figs. 29 to  35 for  the parameters So,  k/B, 
tu / t i3ti i /B,  and B / g t i .2 Th;e variations of the relative peak 
discharge from the gut ter ,  Q /Qs, which i s  of practical important from a 
SP 
design viewpoint;are shown in Figs. 36 t o  39. The hydrographs for  the para- 
meter k / B  are n o t  presented because the effect of th is  parameter i s  relatively 
P 
small as can be seen from Fig .  37 and Table 3. 
5.2 Discussion of Results 
Again, as in Chapter 4 ,  for  the sake o f  comparison of the computed 
resul t s ,  a reference' common condition i s  chosen and i t  i s  l i s t ed  as the f i r s t  
one i n  Table 3. For the reference flow condition, the sine-curve shape gutter 
upstream inflow hydrograph i s  so chosen that i t s  peak discharge QPu i s  equal to  
one-hblf of the discharge for a steady uniform c r i t i ca l  flow in the gutter which 
i s  flowing just  ful l  with the water surface width equal to B.  The duration of 
the gutter inflow hydrograph, tu,  i s  chosen equal t o  1.57 times the duration of 
the rainfal l  , t i ,  and the rainfall  intensity i i s  equal to Q /A so that the Pu s 
total volume of the gutter upstream inflow is  equal to the total  volume of the 
lateral inflow which i n  turn i s  equal to  the volume of ra infa l l .  
In Figs. 29 t o  39, the values of the nondimensional parameters, except 
t h e  oiie be ing considered, a r e  the same as those for  the reference condition 
given in Table 3. For the resul ts  shown, the values of the parameters i9/ B  = 5 0 ,  
4 = 0.048 rad (approximately 2.60 or 5%) and B2/"? = 9090. O f  course, effects  
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F i g .  30. Hydrographs a t  Gutter E x i t  for  Different Gutter Surface Roughnesses u 



Fig. 32 Hydrographs a t  Gutter Exit f o r  Different  Upstream Inflow Rates 
( a )  Q,/iAs vs .  t/ti 


F i g .  34 Hydrographs a t  Gutter Exit fo r  Different Rainfall Intensi t ies  
( a )  Qo/iAs VS.  t/ti 


F i g .  36 Variations of Peak Discharge from Gutter with Gutter Characterist ics  
F i j .  37 Variat ions of Peak Discha,rge from Gut ter  w i t h  
Pavement Cha r a c t e r i s t i c s  
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98 
of these three parameters can a l so  be evaluated numerically i f  desired. However, 

as discussed previously, the e f f ec t  of L / B  i s  ind i rec t  as long as i t  i s  not 

5' 
too small so tha t  the upstream inflow behaves l ike  a source. The value of 4 
i s  a rb i t ra ry  chosen as tha t  used by Cassidy [l966]. As t o  B2 / v t i 3  t h i s  parameter 
actual ly  represents the effect  of viscosi ty .  I n  f i e l d  conditions of.unsteady 
flow on pavement and in gu t te rs ,  par t icular ly  when under r a i n f a l l ,  turbulence 
I 
1 
ef fec t  i s  dominant in determing the runoff hydrographs. Laminar flows occur only I i 
1 
i 
a t  the very beginning and near the end of runoff when the velocity i s  slow and 1 
1 
the depth i s  small. Consequently f o r  f i e l d  conditons the e f fec t  of B 2/ v t i  i s  
ins ignif icant  and hence not presented herewith. Alternatively,  by cross 
multiplying the l a s t  two terms in Eq. 2.8, e i ther  B2/ v t i  or B / g t i2 can be re-
placed by v 2/gB 2 which indicates the re la t ive  importance of viscous e f fec t  
as compared t o  the gravity e f fec t .  
Because the nonlinear kinematic-wave approximation i s  used in 
evaluating the pavement f1 ow, understandably some of the  calculated resul ts  
do n o t  f a 71  exact ly  on a smooth l i n e  as one would hope, F n r  such cases the 
computed points are  plotted as in Figs. 36, 38, and 39 t o  i l l u s t r a t e  the 
deviations. However, i t  i s  believed tha t  from a practical  viewpoint these i 
deviations a re  not s ignif icant .  Particuf ar ly  , the method presented in t h i s  
chapter i s  a considerable improvement from the Manning or Chezy formulas and the 
Izzard and Horton methods commonly used in estimating pavement and gut ter  flows. 
From the computed resu l t s  as shown in Figs. 29 to  39, i t  can be seen 
tha t  the e f f e c t  of flow unsteadiness i s  qui te  important. Should a  steady-flow 
approach be adopted as in common pract ice ,  the design discharge would be 
-
Qs - Qpu + iAs. As shown by the computed values of Q /QS (Figs.  36 to  39) ,  the  O P  
peak discharge from the gut ter  i s  alwasy smaller than Q,, and s ign i f ican t ly ,  
the reduction i s  more fo r  smaller re la t ive  gutter upstream inflow. In other 
words, presumably the runoff coeff ic ient  in the rational formula commonly used 
s h o u l d  account fo r ,  among other things,  the effect  of detention storage on the 
surface. In engineering pract ice ,  the  runoff coeffici.ent i s  selected independent 
of the  intensi ty  and duration of the r a i n f a l l ,  whereas the computed resu l t s  
show the contrary . 
However, as shown i n  Fig. 39, the e f fec t s  of ra infa l l  duration and 
in tens i ty  of the re la t ive  gut ter  peak outflow QOp/Qs a r e  not as dominant as those 
by So, k/B, W / B ,  and tu/ti Obviously, with increasing s t r e e t  slope,  P 
the surface detention storage decreases and the value of Q /Qs increases, and 
OP 

the runoff hydrograph becomes steeper and with a shorter  runoff time, as 
shown in Fig. 29. Increase in surface roughness of the  gut ter  retards the flow 
and consequently reduces Q /Qs as shown in Figs. 30 and 36. However, as the  
O P  
value of k /B  increases, i t s  a f f ec t  on changing the gu t te r  flow decreases. The 
e f f ec t  of W / B  on Q /QS i s  somewhat similar to  t h a t  of k/B in t ha t  increasing 
P O P  
W /B r e su l t s  i n  decreasing Q /Qs a t  a decreasing r a t e  as shown in Figs. 31 
P O P  
and 37, 

A weakness i n  th i s  theoretical  analysis of unsteady gut ter  flow 
into grate  i n l e t  i s  tha t  fo r  subcr i t ical  gutter flow the downstream boundary 
condition i s  given by assuming a quasi-steady condition a t  the i n l e t  in order 
t o  use previous experimental r e su l t s .  Further study on th i s  aspect and ex-
perimental ver i f icat ion of the theoretical  resu l t s  a re  most desirable.  
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B 
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b13b23b3.b4. 
b5'b6 
c 
J 
do 
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NOTATION 
cross sectional area of flow 
surface area drained, ,= L ~ ( B+ blp) 
coefficients in Eq.  3.1 
gut ter  width 
coeff ic ients  in Eq.  3.1 
length dimensions of grate i n l e t  as shown i n  
Fig. 2 
flow resistance constant,,depending on cross sectional shape 
and rainfal l  in tensi ty , to  compute f for  laminar flow 
forward character is t ics  
backward character is t ics  
ce le r i ty  of gravity wave 
coeff ic ients  in E q .  3.1 
depth of flow measured a t  curb a t  cross section ju s t  upstream 
from grate i n l e t  
specif ic  energy head of flow a t  the cross section ju s t  upstream 
from grate i n l e t  
k - t h  character is t ic  direction 
function 
Froude number 
Weisbach resistance coefficient 
nondimensional shape and pattern parameter of grate i n l e t  
correction fac tor  fo r  Q 
correction factor  for  t 
P 
gravitational accel eration 
nondimensional parameter describing temporal dis t r ibut ion of rainfall  
ra infa l l  i n t  
nondimensi ona1 parameter descri bi ng the shape of gutter upstream . 
inflow hydrograph 
roughness s i z e  of gut ter  surface texture 
roughness s i z e  of pavement surface texture 
length of g ra te  i n l e t  
gu t te r  1 ength 
measure of interception efficiency of grate in1 e t  
wetted perimeter 
i - th  dependent variable in Eq .  3.1 
discharge through a cross section 
d i  scharge i nto grate i n l e t s  
discharge a t  the cross section jus t  upstream from grate i n l e t  
discharge per unit  width of pavement 
peak discharge in to  grate  i n l e t  
peak outflow ra te  of gut ter  
peak gut ter  inflow a t  upstream 
a reference gut ter  discharge 
a reference discharge, = iA, + QP'J 
' l a te ra l  discharge per unit  length 
hydraul i c  radi us 
Reynol ds number 
l ateral  slope of gut ter  
longitudinal slope of gut ter  
f r ic t iona l  slope of flow 
crown slope of pavement, = t a n +P 

correction factor  for  Q
pi 
correction factor  for  tP 

surface w i d t h  of gutter flow a t  a cross section 

correction factor  for Q
pi 
correction factor for  t
P 
t ime 
duration of rainfal l 
duration of lateral  flow 
duration of gutter upstream inflow 
t i m e  of occurrence of 
cross sectional average velocity o f  gutter flow 
average velocity of flow a t  downstream section of gutter 
width of grate in le t  
length of pavement 
longitudinal distance 
average depth of flow a t  a cross section 
depth of lateral  inflow 
characteristic depth of gutter upstream inflow 
parameter describing spatial ,I, , , bu t i on  of l a t e ra l  inflow 
parameter describing temporal distribution of lateral  inflow 
forward characteri s t i  c di rection 
backward characteristic direction 
specific weight of water 
time interval in a  computational net 
space interval i n  a computational net 
nondimensional parameter denoti ng downstream condition of gu t te r  
nondimensional parameter denoting downstream condition of qrate  i  
nondimensional paramete'r representing the cross sectional shape of 
nondimensional shape parameter for  grate  bars 
kinematic v i s c o s i t y  of water 
densi ty of water 
angle between la te ra l  direction o f  gut te r  bottom and horizontal; 
a lso used in F i g .  6 fo r  method of character is t ics  
curb angle with respect t o  vertical 
horizontally projected angle between main gut ter  flow direction 
and velocity vector of l a t e r a l  inflow. 
